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(2) ÒNanoÓ sized
materials

(1) Light

125,000 BC: 
Control of fire by early humans
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The Power of Light ÐAnd the 
Very Small Things Used to Transform It!



The International Year of Light: 2015
International Day of Light: May 16, 2018

Why light matters:
Energy ÐSolar to electricity & heat; Lasers to fusion
Connecting the world ÐFiber optics communication
Lighting our world ÐHomes to businesses; inside and out



The International Year of Light: 2015
International Day of Light: May 16, 2018

Why light matters:

ÒThe 21st century will depend as much on 
photonics as the 20th century depended on 
electronics.Ó



National Nanotechnology Initiative:
2003-today

WhatÕs special about the nanoscale?:
Material properties depend on SIZE!

- Scale where surfaces & interfaces matter 

Surface area of 
1 cubic 
centimeter of 
cubic 
nanoparticles > 
a football field!



National Nanotechnology Initiative:
2003-today

WhatÕs special about the nanoscale?:
Material properties depend on SIZE!

Chad A . Mirkin, Institute for Nanotechmology , Northwestern University

- Scale where quantum effects dominate properties 

Gold is 
not gold 
and 
silver is 
not silver



National Nanotechnology Initiative:
2003-today

WhatÕs special about the nanoscale?:
Material properties depend on SIZE!

- Scale at which much biology happens

3.4 nm

2 nm



Two Stories

(1) Light

(2) ÒNanoÓ sized
materials

Nanomaterials that transform light



Brief History of the Science of Light

1,000 years ago: Ibn Al -Haytham (born in present day 
Iraq) showed vision is light bouncing off an object 
directed to one's eyes



Brief History of the Science of Light

1672: Sir Isaac Newton refracts white light into its 
component colors, red, orange, yellow, green, blue 
and violet



Brief History of the Science of Light

Early 1900s: Max Planck and Albert Einstein show that 
visible light and other electromagnetic waves are 
emitted in discrete packets of energy !
Photons or quanta of light Ðhave both particle and 
wave characteristics

Electromagnetic Spectrum

Energy of a photon determines its ÓcolorÓ 



Lighting our world

Candles: 
c. 3000 BC

Greeks & Romans 
introduced wick to 
Egyptian idea of 
wickless tallow lighting

Torches and lamps:
70,000 year history

From shell or hollowed -out 
rock filled with dried grass, 
moss sprinkled with animal 
fat to oil lamps c. 4500 BC

Gas lamps:
1790, England / U.S.

Street lighting 
and increased 
productivity



A Bright Idea: Invention of 
the Incandescent Lightbulb

Thomas Edison
1880 US patent

Thin carbon filament (high 
electrical resistance)
Bulb under vacuum 

Joseph Swan
1878 UK patent

Thick carbon filament 
(required high current)

Bulb under vacuum 

William Sawyer
1878 First U.S. patent
Stiff carbon filament

(broke easily)
Nitrogen -filled bulb



Modern Incandescent light bulbs: 
How they work 

Key components
! Tungsten (W) filament 

" High melting point
! Inert gas atmosphere (argon, Ar)

" Ar slows down W evaporation

How it works: Incandescence
! Current passes through filament 

vibrating (heating) atoms and 
exciting electrons to higher energy 
levels 

! Relaxation of ÒexcitedÓ electrons 
releases photons 

! Photons include those in visible -
light range if filament is heated 
high enough Ð2,200 ¡C!How efficient is it?

Only ~5% is visible light!



Advanced incandescent bulb: 
The halogen lamp, but why so hot?

Key components

! Tungsten (W) filament encased in 
small quartz envelope filled with 
~high pressure halogen gas, e.g., 
iodine or bromine 

" Halogen allows filament to be 
run hotter because ÒrecyclesÓ 
evaporated W atoms through 
the Òhalogen cycleÓ
" Quartz withstands the heat

Efficiency?
~10-25% more energy 
efficient than standard 
incandescent bulbs





The ÒhotÓ halogen cycle

2500-3000 ¡C
(4500-5430 ¡F)

400-1000 ¡C
(750-1830 ¡F)

Courtesy ZEISS and The Florida State University



A Brighter Idea: Fluorescent Lamps

Key components
! Sealed glass tube containing 

" Low-pressure inert gas ( Ar)
" Liquid mercury (Hg)
" Phosphor powder coating

How it works: Fluorescence
! Large voltage across electrodes #

" Free electrons ionize gas
" Current flows through ionized 

gas
" Energy of flowing current 

evaporates Hg
" Hg(gas) collides with ions and 

electrons
" Excited -state Hg releases UV 

photons
! Light -driven light emission

" UV photons excite phosphors
" Phosphors emit visible light

4-6 times more 
efficient than 
incandescent! 

50-100 lumens/watt vs. 
only 15 lumens/watt for 
incandescent 



Electromagnetic Spectrum

Energy of a photon determines its ÓcolorÓ 

! Higher energy photons can make compounds called 
ÒphosphorsÓ emit lower energy photons 

! MercuryÕs UV light " PhosphorÕs visible light!

The importance of ÒphosphorsÓ in 
fluorescent lights 



Brightest idea yet: Light emitting 
diodes as room -light sources 

Key components
! p -n junction diode*
! Driver to regulate input current
! Heat sink to draw heat from LED 

chip
! Optics to ÒshapeÓ the light

How it works 
Electroluminescence

! Direct conversion of electricity to 
light by the semiconductor 

Fluorescence
! Phosphors may be used to convert 

blue light to white 10x more efficient than 
incandescent bulbs



The Colors of White Light

Just as white light can be dispersed into its component 
colors by passing through a prism,

It can be made by mixing visible light of different colors 
together  



Creating artificial white light with 
LEDs

RGB method
Mix proper amount of light from 
red, green, and blue LEDs

Phosphor method
Coat blue LED with phosphor(s) 
to Òdown -convertÓ some of 
blue to yellow, green, red, etc. 
to make white -light color -
mixture  



Light Emitting Diode Physics

Semiconductor junction

Depletion zone



Light Emitting Diode Physics

Voltage is applied to 
make charge flow again



Light Emitting Diode Physics

Electron ÒfallsÓ from a higher 
energy to a lower energy level



Light Emitting Diode Physics

A photon is produced!

The energy of the ÒfallÓ Ðcolor of light Ðis 
determined by the semiconductor ÒbandgapÓ



! ÒBand DiagramsÓ show differences between
insulators, conductors and semiconductors

What is a semiconductorÕs 
ÒbandgapÓ?



Light from Semiconductors of 
Different Bandgaps Can Make White

AlGaInP + 
InGaN
alloys

GaN + 
InGaN
alloys 

AlGaInP
alloys





Light from Semiconductors of 
Different Bandgaps Can Make White

AlGaInP + 
InGaN
alloys

Blue LED:
2014 Nobel Prize in physics
(Nakamura, Akasaki, Amano)

GaN + 
InGaN
alloys 

AlGaInP
alloys



Why did invention of the blue LED 
get a Nobel Prize?

It is hard to make high -quality GaN or its alloys 

But, it is easy to make white light from blue lightÉ

White -light LEDs are useful!
! Displays: smartphone and computer screens (RGB)
! Lighting: LED bulbs Ð>50% of electricity " light        

vs.4% for incandescent bulbs!  (Blue LED / phosphor)

YAG phosphor

InGaN LED

Osram

Multi -
color 
white 
LED

R-G-B LEDs
B LED + Y LED
B LED + Y phosphor



Lighting our world uses a lot of 
energy!

The latest data

2017
! 273 billion kWh electricity

!10% of the nationÕs electricity

! ~$33 billion/year

! ~224 million tons of ÒCarbon Dioxide EquivalentsÓ 
(using EPA calculator)

! ~43,500,000 cars



Lighting our world ÐLEDs are the 
brightest idea yet
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The Department of Energy (DOE) is instigating adoption of 
LEDs or Òsolid-state LightingÓ (SSL) to save energy 

LEDs

CFL

halogen



Big US cities are leading an LED 
ÒRetrofit RevolutionÓ

City of Los Angeles ÐThe Bureau of Street Lighting
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Big US cities are leading an LED 
ÒRetrofit RevolutionÓ

City of Los Angeles ÐThe Bureau of Street Lighting
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Big US cities are leading an LED 
ÒRetrofit RevolutionÓ

City of Los Angeles ÐBefore and after LEDs
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No good deedÉ
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More lights, brighter lights



The case against bright & blue lightÉ
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Minimizing light pollution



What about the blue?

! !"#$%&'%($()'*$+),$'-./0-1.$023-45''2$4)63,-(7$5$%'&7$!"#$51*$5$
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InGaN LED

YAG:Ce phosphor



Blue light makes a ÒcolderÓ white
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Incandescent: 2700 K
Candle: 1800 K

Cool white

Neutral white

Warm white

LED Bulb Kelvin Color Temperature



Changing the color of white by 
sculpting spectral distributions 
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Less 
YAG:Ce

More 
YAG:Ce

Wavelength (nm)

+ Red LED or 
phosphor



Where the power of light meets 
the power of very small things

!"#$%&'(%&)%&*#%+$&#,
! LEDs are efficient sources of light and can be used to 

make white -LED lightbulbs

! Semiconductors in LEDs emit light of the energy  
ÐÒcolorÓ Ðof their bandgap

! Bandgap energy depends on composition



Where the power of light meets 
the power of very small things

!"#$%$&'%'(%')#%*$'#+
! A new knob to turn ÐSIZE! 

! Beyond composition: Material properties Ð
including semiconductor bandgap Ðcan be 
transformed at very small sizes



1 m 0.1 m 10 mm 1 mm 100 µm 10 µm 1 µm 100 nm 10 nm 1 
nm

Éreally small!

hairant viruscell DNAapple

1000x 1000x1000x

! A nanometer is 1 million times 
smaller than a poppy seed!

The Power of Very Small Things Ð
How Small?



4

Gold is red and 
was used to color 
stained glass 

Santa Cecilia, Christ Church Cathedral
Oxford, UK, built 1160 - 1200 
window ~1870s

TEM of Gold Nanoparticle

Materials properties change at the 
nanoscale ÐGold is not gold



Light & strong tennis 
racquet: 

carbon nanotubes 
Antibacterial band -aid :

Silver  nanoparticles
(Toothbrush, socks, 

food -containers, etcÉ)

150nm

ÒNon-chemicalÓ sunscreen: Titanium 
dioxide nanoparticles

Super-hydrophobic fabrics: 
water and dirt repellent

Other materials become more reactive, get 
stronger, resist water or dirt, block light

Nanostructured films mimic gecko feet:
Adhesive tape without adhesive 



Nanosized (10 -9 m = 1 nm) 
Semiconductors: Quantum dots



At the nanoscale, the semiconductor 
bandgap also depends on size!

R = radius
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With nanosize , new bandgap ranges 



Quantum dot ÒphosphorsÓ make better 
displays and TVs
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Samsung

Quantum dot ÒphosphorsÓ make better 
displays and TVs



What about quantum dot LEDs?: 
Two modes
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What about quantum dot LEDs?: 
Stability challenge
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Conventional quantum 
dots ÒblinkÓ and ÒbleachÓ

Single QDs photo -luminescing 
under laser illumination tells us 
about their long -term stability 

Òunder stressÓ 

Light emission from quantum dots: Like 
twinkling stars, but a quadrillion times smaller!



Conventional quantum 
dots ÒblinkÓ and ÒbleachÓ

LANL patented ÒGiantÓ 
quantum dots 

donÕt blink or bleach

Light emission from quantum dots: 
Now stabilized for long -term utility

Single QDs photo -luminescing 
under laser illumination tells us 
about their long -term stability 

Òunder stressÓ 



Building a better quantum dot 
from the inside out

Emissive 
ÒcoreÓ

Protective 
shells

Surface



Low-tech chemistry techniques make 
high -tech quantum dots with precision

ÒNanoscale engineeringÓ



Advanced synthetic techniques 
in our lab

Automated synthesis:
Computer -controlled delivery of precursors, 
sampling and in situ analysis 



Electron microscopy lets us see inside the 
nanocrystal to the level of atoms

Transmission electron microscopy (TEM) images (left) 
down different crystallographic axes and elemental 
map (right) showing distribution of anions (S and Se) 
through QD interior



Ultra-stable red -emitting quantum dots 
make a ÒwarmerÓ white -light LED

Blue LED + YAG:Ce yellow = ÒcoolÓ white
Blue LED + YAG:Ce yellow + red gQD = ÒwarmÓ white



Using ultrastable giant quantum dots 
as single nanocrystalsÉ

Beyond lightingÉ



Light beacons for tracking allergic response

Quantum dot is attached to an IgE antigen to observe cell -
surface diffusion and endocytosis in live mast cell



Quantum dot inside gold shell emits light to image 
cancer cells, and at the same time a gold shell is 

heated by exciting with an IR laser to kill cancer cells

Building blocks for multi -modal cancer 
therapy



Quantum dot inks for nanoscale 
writing

Dip -pen nanolithography: 
Tool that uses an atomic force 
microscope tip as a ÒpenÓ for 
ÒwritingÓ molecules

Éand nanoparticles like 
quantum dots!



ThanksÉ
Thank you for your attention É

And thanks to all the wonderful students Ñ high school, 
undergraduate and graduate Ñ and postdocs I have had the 
privilege to mentor and collaborate with over the years!



ThanksÉ
Thank you CINT photonics collaborators!

Jim Werner
3D particle
trackin g

Han Htoon
Single-particle 
optical 
microscopy

Hou-Tong 
Chen

Igal Brener
(Sandia )

Metamaterials

Rashi Iyer

Nano -
bioscience & 
nanotox


